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Abstract
The role of the symmetry energy and the neutron-matter stiffness on the tidal deformability
of a cold nonaccreted neutron star is studied using a set of unified equations of state. Based on
the nuclear energy-density functional theory, these equations of state provide a thermodynami-
cally consistent treatment of all regions of the star and were calculated using functionals that
were precision fitted to experimental and theoretical nuclear data. Predictions are compared to
constraints inferred from the recent detection of the gravitational-wave signal GW170817 from a
binary neutron-star merger and from observations of the electromagnetic counterparts.
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I. INTRODUCTION
The detection of the gravitational-wave signal GW170817 from the merger of two neutron
stars (NSs) [1] and the subsequent observations of electromagnetic counterparts [2–8] offer
new opportunities to probe the properties of matter under conditions so extreme that they
cannot be experimentally reproduced (see, e.g., Ref. [9] for a recent review). Apart from
estimates of the masses of the two inspiralling NSs, the analysis of this signal has also
provided valuable information on their tidal deformations during the last orbits [10–12].
The relatively small dimensionless tidal deformability (or polarizability) parameter
Λ =
2
3
k2
(
c2R
GM
)5
(1)
(with R the circumferential radius of the star, M its mass, and k2 the second gravito-electric
Love number, c the speed of light, G the gravitational constant) inferred from GW170817
has already ruled out the stiffest equations of state (EoSs) of high-density matter, see,
e.g., Refs. [1, 10–12]. Subsequent studies aimed at further examining possible correlations
between the tidal deformability of a NS and properties of finite nuclei or infinite nuclear
matter such as the symmetry energy, see, e.g., Refs. [13–24]. Most studies carried out so far
have focused on the NS core, employing different models for the crust (such as the outdated
EoSs of Refs. [25] and [26] for the outer and inner crusts respectively) or merely using
polytropic EoSs. However, a proper treatment of the crust and a consistent determination of
the crust-core boundary is important for reliable calculations of NS radii (see, e.g., Refs. [27–
29]) and tidal Love number k2 [30–32], especially for the range of NS masses inferred from
GW170817.
In this paper, the role of dense-matter properties on the tidal deformability of a NS is
examined using a series of seven unified EoSs, BSk19, BSk20, BSk21, BSk22, BSk24, BSk25,
and BSk26 [33, 34], calculated in the framework of the nuclear energy-density functional
theory (see, e.g., Ref. [35] for a review). These EoSs, whose main features are recapitulated
in Section II, provide a thermodynamically consistent description of all regions of a NS,
from the surface to the central core of the star. The underlying functionals were precision
fitted to essentially all experimental atomic mass data and were simultaneously adjusted to
theoretical nuclear data. The series BSk19, BSk20 and BSk21 [36] were fitted to realistic
neutron-matter (NeuM) EoSs with different degrees of stiffness, while the series BSk22,
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BSk24, and BSk25 [37] mainly differ in their predictions for the symmetry energy (BSk26
being fitted to the same symmetry-energy coefficient at saturation as BSk24 but to a different
NeuM EoS). The corresponding EoSs are thus used to assess the role of the symmetry energy
and of the NeuM stiffness on the tidal deformability of a NS in Section III. Theoretical
predictions are compared to observations of GW170817 in Section IV.
II. UNIFIED EQUATIONS OF STATE FOR NEUTRON STARS
The unified NS EoSs were calculated under the cold-catalyzed matter hypothesis, i.e.,
electrically charge-neutral matter in its absolute ground state [38, 39]. These EoSs are based
on the Brussels-Montreal functionals, whose main properties are presented in Section II A.
The methods employed to calculate the EoS in the different regions of a NS are briefly
reviewed in Section II B.
A. Brussels-Montreal energy-density functionals
The functionals considered here are based on generalized Skyrme effective interactions
with terms that depend on both the relative momentum pij = −ih¯(∇i −∇j)/2 of nucleons
i and j, and the average nucleon number density n(r) at position r = (ri + rj)/2 [40].
Nuclear pairing is treated using a different effective interaction constructed from realistic
1S0 pairing gaps in NeuM and symmetric nuclear matter (SNM) [41–44]. The parameters
of the series BSk22-BSk26 [37] were determined primarily by fitting to the 2353 measured
masses of atomic nuclei having proton number Z ≥ 8 and neutron number N ≥ 8 from
the 2012 Atomic Mass Evaluation [45]. These functionals provide equally good fits to the
2408 measured masses of nuclei with N,Z ≥ 8 from the 2016 AME [46]. Nuclear masses
were calculated using the self-consistent Hartree-Fock-Bogoliubov (HFB) method allowing
for axial deformations [47]. Phenomenological corrections were added to the HFB energy
to account for dynamical correlations and Wigner effects (see, e.g., Refs. [36, 41] for a
discussion). Moreover, a correction for the finite size of the proton was made to both the
charge radius and the energy [41]. Finally, Coulomb exchange for protons was dropped, thus
simulating neglected effects such as Coulomb correlations, charge-symmetry breaking, and
vacuum polarization [48].
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FIG. 1. (Color online) Energy per particle in NeuM with respect to the number density n as
calculated with the functionals BSk19, BSk20, BSk21, BSk22, BSk24, BSk25 and BSk26. The
shaded areas represent recent constraints obtained from chiral effective field theory [49, 50]. Results
for BSk20 and BSk21 are indistinguishable from those obtained for BSk26 and BSk24, respectively.
To ensure reliable extrapolations to the highly neutron-rich and very dense interiors of
NSs, the functionals were further constrained to reproduce the EoS of homogeneous NeuM,
as calculated by many-body theory. Although the EoS is fairly well determined at densities
below the saturation density n0 = 0.16 fm
−3, it remains highly uncertain at supersaturation
densities prevailing in the core of the most massive NSs. Two different EoSs were considered:
the rather stiff EoS labeled as ‘V18’ by Li and Schulze [51] and the softer EoS labeled as ‘A18
+ δ v + UIX∗’ by Akmal, Pandharipande and Ravenhall [52]. The fit to nuclear masses along
with these constraints does not lead to a unique determination of the functional. Expanding
the energy per nucleon of infinite nuclear matter (INM) of density n = n0(1 + ) and charge
asymmetry η = (nn − np)/n about the equilibrium density n = n0 and η = 0,
e(n, η) = av +
(
J +
1
3
L
)
η2 +
1
18
(Kv + η
2Ksym)
2 + · · · (2)
the incompressibility coefficient Kv was further restricted to lie in the experimental range
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Kv = 240 ± 10 MeV [53]. To achieve a good fit to nuclear masses with a root-mean-
square deviation as low as 0.5 − 0.6 MeV, it was necessary to limit the allowed values of
the symmetry-energy coefficient J from 29 to 32 MeV. The parameters L and Ksym were
constrained by the fit to the NeuM EoS. The functionals BSk22, BSk23, BSk24 and BSk25
were all fitted to the NeuM EoS of Ref. [51] while having J = 32, 31, 30 and 29 MeV, re-
spectively. To assess the role of the NeuM EoS, the functional BSk26 was fitted to the softer
EoS of Ref. [52] with J = 30 MeV. Nuclear-matter properties for these functionals are sum-
marized in Table I. The intermediate functional BSk23 will not be further considered here.
As shown in Fig. 1, these functionals are consistent with recent NeuM calculations based
on chiral effective field theory [49, 50]. All functionals are also consistent with constraints
on the EoS of SNM inferred from heavy-ion collisions [54, 55]. As shown in Fig. 2, the
variation of the symmetry energy S(n) with density n as predicted by the Brussels-Montreal
functionals are compatible with experimental constraints from transport-model analyses of
midperipheral heavy-ion collisions of Sn isotopes [56], from the analyses of isobaric-analog
states and neutron-skin data [57], and from the electric dipole polarizability of 208Pb [58].
For comparison, we have also shown the following estimates: S(0.1 fm−3) = 25.5± 1.0 MeV
from doubly magic nuclei [59], S(0.11 fm−3) = 26.2 ± 1.0 MeV from Fermi-energy differ-
ence [60], S(0.11 fm−3) = 26.65 ± 0.20 MeV from binding-energy differences among heavy
isotope pairs [61], S(0.1 fm−3) = 24.1± 0.8 MeV from giant dipole resonance in 208Pb [62],
S(0.1 fm−3) = 23.3 ± 0.6 MeV from giant quadrupole resonance in 208Pb [63]. Note that
different definitions were employed in these analyses. The symmetry energy is defined here
as the difference between the energy per nucleon in NeuM and the energy per nucleon in
SNM,
S(n) = eNeuM(n)− eSNM(n) , (3)
where eNeuM(n) ≡ e(n, 1) and eSNM(n) ≡ e(n, 0). Defining the symmetry energy as
(1/2) ∂2e/∂η2 (calculated for η = 0) leads to slightly different results (see, e.g., Refs. [36, 37]
for discussions); the deviations amount to about 1 MeV at most for the densities shown
in Fig. 2, and are therefore much smaller than the current overall experimental uncertain-
ties. The functionals mainly differ in their predictions for the symmetry energy at densities
n > n0, as shown in Fig. 3.
To better assess the role of the NeuM EoS, we will also consider the older series BSk19,
BSk20 and BSk21 [36] for which unified EoSs for NSs have been also calculated [65, 66].
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FIG. 2. (Color online) Variation of the symmetry energy S(n) at subsaturation densities n for
the functionals BSk19, BSk20, BSk21, BSk22, BSk24, BSk25, and BSk26. The shaded areas
are experimental constraints: from heavy-ion collisions [56] (blue), from isobaric-analog states and
neutron skins [57] (purple), and from the electric dipole polarizability of 208Pb [58] (green). Symbols
are values inferred from doubly magic nuclei [59] (square), Fermi-energy difference [60] (circle),
binding-energy differences among heavy isotope pairs [61] (diamond), giant dipole resonance in
208Pb [62] (cross), giant quadrupole resonance in 208Pb [63] (triangle). Results for BSk20 and
BSk21 are indistinguishable from those obtained for BSk26 and BSk24, respectively.
These functionals were fitted to older atomic mass data from the 2003 Atomic Mass Evalua-
tion [67] with the same symmetry-energy coefficient J = 30 MeV. While BSk20 (BSk21) was
simultaneously adjusted to the same NeuM EoS as BSk26 (BSk24), BSk19 was constrained
to reproduce the softer NeuM EoS of Ref. [64]. Although the unified EoS corresponding to
BSk19 fails to explain the existence of the most massive NSs [68], it may still be applicable to
the medium-mass NSs observed by the LIGO-Virgo collaboration. As a matter of fact, func-
tional BSk19 still remains compatible with recent ab initio calculations [49, 50], see Fig. 1.
These older functionals are also consistent with experimental constraints on the symmetry
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TABLE I. Nuclear-matter properties for the Brussels-Montreal functionals. The last line indicates
the NeuM EoS to which each functional was fitted: FP [64], APR [52], and LS2 [51].
BSk19 BSk20 BSk21 BSk22 BSk23 BSk24 BSk25 BSk26
J [MeV] 30.0 30.0 30.0 32.0 31.0 30.0 29.0 30.0
L [MeV] 31.9 37.4 46.6 68.5 57.8 46.4 36.9 37.5
Kv [MeV] 237.3 241.4 245.8 245.9 245.7 245.5 236.0 240.8
Ksym [MeV] -191.4 -136.5 -37.2 13.0 -11.3 -37.6 -28.5 -135.6
NeuM FP APR LS2 LS2 LS2 LS2 LS2 APR
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
n [fm-3]
0
100
200
300
400
500
S(
n)
[M
eV
]
BSk19
BSk22
BSk24
BSk25
BSk26
FIG. 3. (Color online) Variation of the symmetry energy S(n) with density n for the functionals
BSk19, BSk20, BSk21, BSk22, BSk24, BSk25, and BSk26. Results for BSk20 and BSk21 are
indistinguishable from those obtained for BSk26 and BSk24, respectively.
energy, as shown in Fig. 2. The BSk19 functional leads to a very soft symmetry energy at
higher densities, as can be seen in Fig. 3. Nuclear-matter parameters are summarized in
Table I.
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B. Consistent description of the different regions of a neutron star
Below its thin atmosphere and liquid “ocean”, a NS is thought to contain at least three
distinct regions: an outer crust made of neutron-rich nuclei in a charge neutralizing electron
background, an inner crust consisting of neutron-proton clusters immersed in a neutron sea
(possibly enriched with protons at sufficiently high densities), and a liquid core of nucleons
and leptons. Other particles such as hyperons might exist in the central core of most massive
NSs, but we will not consider this possibility here.
A detailed account of the calculations of the EoS in the different regions of a NS can be
found in Ref. [34]. We recall only the main features here. The equilibrium properties of
the outer crust for densities ρ >∼ 106 g cm−3 were determined by minimizing the Gibbs free
energy per nucleon g at each given pressure P assuming pure layers with a perfect body-
centered cubic crystal structure [65]. The EoS in this region was calculated making use of
experimental data supplemented by HFB mass tables for nuclei whose mass has not been
measured. At the pressure Pdrip such that g = Mnc
2, neutrons drip out of nuclei marking
the transition to the inner crust [69]. Full HFB calculations beyond this point would be
computationally extremely costly due to the widely different scales involved. For this rea-
son, the fourth-order extended Thomas-Fermi method was adopted within the Wigner-Seitz
approximation using parametrized nucleon density distributions. Proton shell and pairing
corrections were added perturbatively via the Strutinsky integral theorem [66, 70]. At den-
sities high enough for free protons to appear, the shell and pairing corrections were dropped
entirely. For convenience, the energy per nucleon was minimized at fixed average baryon
number density. As shown in Ref. [66], density discontinuities are negligibly small in the
inner crust so that minimizing the energy per nucleon or the Gibbs free energy per nucleon
yields practically the same results without having recourse to a Maxwell construction. The
pressure P at any mean density n¯ was calculated semi-analytically as described in Appendix
B of Ref. [66]. Calculations in the inner crust were performed using the same functional as
that underlying the HFB nuclear mass model used in the outer crust. Calculations in the
core were comparatively much simpler since the energy density and the pressure obtained
from the energy-density functional theory are given by analytic expressions (see Ref. [34]).
Complete numerical results and analytic fits applicable to the entire star can be found in
Refs. [33, 34].
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III. TIDAL DEFORMABILITY OF A NEUTRON STAR
The formalism to calculate the structure and the tidal deformability of a NS is reviewed
in Section III A. The role of the symmetry energy and NeuM is studied in Section III B.
A. Calculation of the Love number and tidal deformability
We summarize here the main equations that are needed to compute the second gravito-
electric tidal Love number k2. More details can be found, e.g., in Refs. [71–73].
Let us consider a star that is both static and spherically symmetric. Once placed in
a static external quadrupolar tidal field Eij (e.g., associated with the gravitational field of
a companion for a NS in a binary system), this star will acquire a non-zero quadrupole
moment Qij whose expression, to linear order, will simply read
Qij = −λ Eij . (4)
The quantity λ characterizes the response of the star (through its induced quadrupole mo-
ment Qij) to a given applied quadrupolar tidal field Eij. It is related to the dimensionless
` = 2 tidal Love number k2 through
k2 =
3
2
GλR−5 . (5)
Note that both λ and k2 depend on the structure of the star and therefore on the mass and
the EoS of dense matter. Denoting by C the star’s compactness parameter, i.e.,
C =
GM
Rc2
, (6)
the Love number k2 can be shown to be expressible as [72]
k2 =
8C5
5
(1− 2C)2[2 + 2C(y − 1)− y] {2C[6− 3y + 3C(5y − 8)]
+ 4C3
[
13− 11y + C(3y − 2) + 2C2(1 + y)]
+ 3(1− 2C)2[2− y + 2C(y − 1)] ln(1− 2C)}−1 . (7)
The quantity y ≡ RH ′(R)/H(R) involved in this last equation can be obtained by integrat-
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ing the following differential equation
H ′′(r) +H ′(r)
(
1− 2Gm(r)
c2r
)−1{
2
r
− 2Gm(r)
c2r2
− 4piG
c4
r
(E(r)− P (r))}
+H(r)
(
1− 2Gm(r)
c2r
)−1{
4piG
c4
[
5E(r) + 9P (r) + dE
dP
(r)
(E(r) + P (r))]
− 6
r2
− 4
(
1− 2Gm(r)
c2r
)−1(
Gm(r)
c2r2
+
4piG
c4
r P (r)
)2}
= 0 , (8)
where E(r) and P (r) denote respectively the mass-energy density and the pressure of matter
at the radial (circumferential) coordinate r and m(r) is the mass enclosed in a circular
contour of radius r. Once an EoS has been prescribed (in the form P = P (E)), Eq. (8) can
be integrated together with the Tolman-Oppenheimer-Volkoff (TOV) equations [74, 75]
dP (r)
dr
= −G E(r)m(r)
c2r2
[
1 +
P (r)
E(r)
][
1 +
4piP (r)r3
c2m(r)
][
1− 2Gm(r)
c2r
]−1
, (9)
and
m(r) =
4pi
c2
∫ r
0
E(r′)r′ 2 dr′ , (10)
with the boundary conditions
m (0) = 0 , E (0) = Ec , H(0) = 0 and H ′(0) = 0 , (11)
where Ec is the mass-density at the center of the star. The gravitational mass of the star is
thus given by M = m(R) where R is the radial coordinate at which the radiative surface is
reached, i.e. P (R) = 0. In what follows, this set of equations is numerically solved by means
of a fourth-order Runge-Kutta method, using the analytical fits of the EoSs presented in
Refs. [33, 34].
B. Dependence of the tidal coefficients on the symmetry energy and on NeuM
1. Relations between Λ1.4 and R1.4
The tidal deformability coefficient Λ1.4 of a 1.4 M NS has been shown to be strongly
correlated with the corresponding NS radius R1.4. However, different empirical relations of
the form Λ1.4 ∝ Rα1.4 have been proposed with α ranging from 5 to 7.71 [10, 13, 14, 17, 21, 76–
81] (the relation proposed in Ref. [81] includes a constant shift). As shown in Fig. 4, most
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of these relations equally well reproduce the results we obtained with the unified Brussels-
Montreal EoSs with deviations of a few %, except for those proposed in Refs. [77, 81] for
which the deviations amount to 10−20 %. Comparing BSk22, BSk24, and BSk25, which were
constrained to the same NeuM EoS, confirms that Λ1.4 depends on the symmetry energy.
Comparing BSk24 and BSk26, which were both fitted with the same value for J = 30 MeV
but different NeuM EoSs therefore different values for the slope L of the symmetry energy
(see Table I), shows that Λ1.4 increases with L, as found in previous studies (e.g., in Ref. [14]).
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FIG. 4. (Color online) Tidal deformability coefficient Λ of a 1.4 M NS as a function of the radius R,
as predicted by selected empirical relations proposed by various authors (lines). For comparison,
results obtained using the unified EoSs considered in this work are also shown (symbols). The
central area represents the LIGO-Virgo constraint Λ = 190+390−120 at 90% confidence level using
method (ii) [11]. See text for details.
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2. Role of the symmetry energy and of NeuM on the tidal deformability
The dependence of Λ on the symmetry energy comes to a large extent from the factor
R5 (see Eq. (1)). Indeed, comparing BSk22, BSk24, and BSk25 shows that k2 is essentially
independent of the symmetry energy, as can be seen in Fig. 5. On the contrary, the role
of the symmetry energy on NS radii is well-known (see, e.g., Refs. [29, 82]) and is also
apparent in the predictions from the EoSs considered in this work, as previously discussed
in Ref. [34]. Malik et al. [13] have recently examined possible correlations between tidal
deformabilities and nuclear-matter parameters for a large set of EoSs. As can be seen from
their results in Table I for a few selected NS masses, the symmetry-energy coefficient J
(denoted by J0 in their paper) has essentially no impact on k2 and the slope L of the
symmetry energy at saturation (denoted by L0 in their paper) has only a moderate influence
on k2 (a similar conclusion can be drawn from the recent analysis of Ref. [23] considering a
large set of parametrized polytropic EoSs). This suggests that the minor role played by the
symmetry energy on k2 is not a conclusion restricted to the EoSs adopted in this work but is
actually quite robust. However, it should be stressed that unlike the EoSs considered here,
those selected in Ref. [13] were based on widely different functionals that were constructed
following different fitting protocols. In particular, those functionals differ in their predictions
not only for the symmetry energy but also for other nuclear properties.
The comparison between BSk24 and BSk26, also shown in Fig. 5, reveals that k2 is more
sensitive to the stiffness of the NeuM EoS. This dependence is more apparent on the older
series BSk19, BSk20, and BSk21, whose results for k2 are displayed in Fig. 5. These EoSs
were fitted to three different NeuM EoSs with very different degrees of stiffness: BSk19
corresponding to the softest and BSk21 to the stiffest. Results for BSk20 and BSk21 are
indistinguishable from those obtained for BSk26 and BSk24 respectively. As shown in Fig. 5,
the NeuM EoS is found to have essentially no effect on k2 for NSs with a mass M <∼ 0.5 M.
This merely stems from the fact that the NeuM EoS is very tightly constrained by ab initio
calculations at densities below about twice saturation density. The large uncertainties on the
NeuM EoS at higher densities has a strong influence on k2 for NSs with a mass M > 0.5 M.
The impact of the NeuM EoS on k2 is the strongest for the most massive NSs. The stiffer
the NeuM EoS is, the larger is k2.
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FIG. 5. (Color online) Second gravito-electric Love number k2 as a function of NS mass, as
predicted by the unified EoSs of Refs. [33, 34]. See text for details.
IV. ANALYSIS OF GW170817
General constraints on the structure of nonrotating NSs, as inferred from analyses of
gravitational-wave data from GW170817 during the inspiral phase and from observations
of electromagnetic counterparts, are discussed in Section IV A. Constraints obtained from
measurements of the tidal deformability are discussed in Section IV B.
A. General constraints on the structure of nonrotating neutron stars
1. Constraints on the radius
According to numerical simulations, the amount of material ejected during the collision of
the NSs can be traced back to the fate of the compact remnant. The rather large estimates
13
∼ 0.02−0.05M inferred from observations of the electromagnetic counterpart of GW170817
(see, e.g., Ref. [83] for a compilation) point against a prompt collapse to a black hole. If
this scenario is correct, numerical simulations show that the total mass Mtot = M1 + M2
of the two NSs must be lower than some threshold value Mthres. Using the measured value
Mtot = 2.74
+0.04
−0.01 M from gravitational-wave observations [1] together with an empirical
relation for Mthres and the causality condition, Bauswein et al. [84] obtained the following
lower limit on the radius of a 1.6 M NS: R1.6 ≥ 10.30+0.15−0.03 km. Assuming further that
the remnant lived for more than 10 ms, they obtained the more stringent constraint R1.6 ≥
10.68+0.15−0.04 km. Note that the estimated uncertainties in these constraints do not take into
account the systematic errors in the empirical relations. Using a different empirical relation
for Mthres but similar arguments, the authors of Ref. [85] derived a tighter bound on NS
radii: R ≥ −0.88M2 + 2.66M + 8.91 km for 1.2 M < M < 2 M [85]. As shown in Fig. 6,
these constraints are fulfilled by all seven EoSs considered in this work except for BSk19.
The exclusion of BSk19 should come as no surprise since the empirical relations for Mthres
were obtained by selecting EoSs that are consistent with the existence of massive NSs.
2. Constraints on the maximum mass
Different analyses of the short gamma-ray burst and of the kilonova emission, combined
with the total binary mass Mtot = 2.74
+0.04
−0.01 M inferred from gravitational-wave observa-
tions, have led to constraints on the maximum mass of a nonrotating NS. Assuming the
formation of a short-lived NS, Margalit and Metzger [86] obtained Mmax <∼ 2.17 M (90%
confidence), Rezzolla et al. [87] Mmax <∼ 2.16+0.17−0.15 M (90% confidence), and Ruiz et al. [88]
2.16 ± 0.23 M <∼ Mmax <∼ 2.28 ± 0.23 M. Shibata et al. [89, 90] obtained compatible
estimates, 2.1 M <∼ Mmax <∼ 2.3 M, under the assumption of a longer-lived NS (with a
lifetime up to tens of seconds). Combining all studies, conservative limits on the maximum
mass are 1.93 M <∼ Mmax <∼ 2.51 M. As shown in Fig. 6, all seven considered EoSs but
BSk19 are consistent with these constraints. Alternatively, other authors have interpreted
the late-time electromagnetic emission in terms of a very long-lived NS remnant (with a
lifetime of about 20 days) [91–94] and concluded that Mmax >∼ 2.6 M [94]. If this latter
scenario is correct, all EoSs would be ruled out.
Any firm conclusion on the EoS can hardly be drawn in view of the lack of consensus on
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FIG. 6. (Color online) Gravitational mass M (in solar masses) versus circumferential radius R
of nonrotating NSs, calculated using the unified EoSs of Refs. [33, 34]. Results for BSk20 and
BSk21 are indistinguishable from those obtained for BSk26 and BSk24 respectively. Constraints
inferred from the analysis of GW170817 are also shown: lines with arrows are lower bounds on
the radius from Refs. [84, 85]; dark and light boxes are the masses and radii of the two NSs (90%
confidence level) as inferred by the LIGO-Virgo collaboration using method (iii) with the additional
requirement Mmax ≥ 1.97 M, and (ii) respectively; the yellow area denotes expected values for
the maximum mass as obtained by various studies. See text for details.
the interpretation of the electromagnetic counterparts of GW170817.
B. Constraints on the tidal deformability of a neutron star
The latest analysis of the full gravitational-wave signal from the LIGO-Virgo collabo-
ration [11] has led to constraints on the tidal deformability parameters of the two NSs by
comparing the gravitational-wave data to theoretical waveforms using low-spin priors as ex-
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pected from galactic binary NS spin measurements. Three different methods were employed:
(i) the NS masses M1, M2 and the tidal deformabilities Λ1, Λ2 were treated independently,
(ii) Λ1, Λ2, and M2/M1 were related by a universal (i.e., EoS-insensitive) relation (implying
that the two NSs are described by the same EoS), (iii) a large set of parametrized EoSs
was used ensuring causality (assuming a common EoS for the two NSs). As can be seen in
Figs. 7 and 8, all EoSs but BSk22 are consistent with the inferred tidal deformabilities at
the 90 % credible level for all three methods. The BSk22 EoS is only marginally compatible
with the 90 % credible level for method (iii) and ruled out by the first two methods. Inter-
estingly, among the seven EoSs considered here, BSk19 is the only one that lies within the
50 % credible levels thus confirming that the gravitational-wave data alone tend to favor a
rather soft EoS at densities relevant for medium-mass NSs. Incidentally, the analyses of K+
production [95–97] and pi−/pi+ production ratio [98] in heavy-ion collisions provide evidence
for a soft EoS at similar densities.
Combining empirical relations between Λ1.4 and R1.4 (see Section III B 1) with the upper
limits on the tidal deformability obtained from the analyses of the gravitational-wave signal
by the LIGO-Virgo collaboration [1, 11] and De et al. [10], different constraints have been
proposed for the radius of a 1.4 M NS (see, e.g., Refs. [13, 14, 17, 77, 99, 100]). Still, given
the absence of an exact relation between the two quantities, the latest upper limit Λ1.4 < 580
from the LIGO-Virgo collaboration using method (ii) [11] cannot yield a constraint on R1.4
more accurate than R1.4 <∼ 12.6−13.1 km, as can be seen from Fig. 4. Incidentally, this figure
confirms that all EoSs considered in this work but BSk22 are consistent with the inferred
tidal deformability from the LIGO-Virgo collaboration. Less stringent constraints on R1.4
were previously derived using parametrized EoSs and the initial upper estimate for Λ1.4 from
the LIGO-Virgo collaboration [1], see, e.g., Refs. [76, 101]. Considering more recent studies
of the LIGO-Virgo data [81, 102, 103], a conservative upper limit on the radius is R1.4 < 13.6
km. Besides, we note that some of the studies previously mentioned have also deduced a
rather tight constraint on the smallest possible radius of a 1.4 M NS using the lower limit
on the tidal deformability found by Radice et al. [104] from the analysis of the kilonova
emission. Nevertheless, the results of Ref. [104] have been recently questioned [105].
Actually, the LIGO-Virgo collaboration placed constraints on the M − R diagram from
the direct analysis of the gravitational-wave signal [11] (see also Ref. [10]). Using method
(ii), the radii of the two NSs were thus estimated as R1 = 10.8
+2.0
−1.7 km and R2 = 10.7
+2.1
−1.5 km
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FIG. 7. (Color online) Dimensionless tidal deformability parameter of the secondary star as a
function of that of the primary star (M1 > M2), as predicted by the unified EoSs of Ref. [33] for
a chirp mass M = 1.186 M [12] (black lines). The gray shading corresponds to the unphysical
region Λ2 < Λ1. Colored curves are taken from Ref. [11]: the green, blue and orange lines denote
50 % (dashed) and 90 % (solid) credible levels for the posteriors obtained using EoS-insensitive
relations (method ii), parametrized EoSs without any maximum-mass requirement (method iii)
and independent EoSs (method i). See text for details.
(at 90 % confidence level) with 1.36 M ≤M1 ≤ 1.62 M and 1.15 M ≤M2 ≤ 1.36 M (at
90 % level). As shown in Figs. 6, all EoSs but BSk22 are compatible with these estimated
masses and radii. Method (iii) with the additional requirement Mmax ≥ 1.97 M (coming
from pulsar observations [106]) yielded R1 = 11.9
+1.4
−1.4 km and R2 = 11.9
+1.4
−1.4 km (at 90 %
confidence level) with 1.36 M ≤ M1 ≤ 1.58 M and 1.18 M ≤ M2 ≤ 1.36 M (at 90 %
level).
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FIG. 8. (Color online) Same as Fig. 7 for the unified EoSs of Ref. [34].
V. CONCLUSION
The role of the symmetry energy and the NeuM stiffness on the tidal deformability of a
cold nonaccreted NS has been studied using the series of seven unified EoSs BSk19, BSk20,
BSk21, BSk22, BSk24, BSk25, and BSk26 all based on the nuclear energy-density functional
theory. These EoSs provide a thermodynamically consistent description of all regions of the
stellar interior. The underlying functionals were precision fitted to various experimental and
theoretical nuclear data.
For the EoSs adopted in this work, the symmetry energy is found to have essentially no
impact on the tidal Love number k2. This implies that the tidal deformability parameter Λ
depends on the symmetry energy only through the radius R. The different predictions for
k2 mainly arise from uncertainties in the NeuM EoS at high densities. Since the radius R of
a NS also depends on the stiffness of the NeuM EoS, it is difficult to extract information on
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the symmetry energy and/or the NeuM EoS from the sole tidal deformability parameter Λ.
Still, the BSk22 EoS with a symmetry energy coefficient J = 32 MeV and a slope L = 68.5
MeV appears to be disfavored by the tidal-deformability estimates obtained by the LIGO-
Virgo collaboration from the analysis of the gravitational-wave signal GW170817. Similarly,
the analysis of the gravitational-wave signal alone is not very constraining for the NeuM
EoS. In particular, predictions from the BSk19 EoS are consistent with the LIGO-Virgo
tidal-deformability constraints even though this EoS does not support 2 M NSs. The
gravitational-wave data alone thus tend to favor a rather soft EoS at densities relevant
for medium-mass NSs, as also suggested by the analyses of kaon and pion productions in
heavy-ion collisions [95–98].
With improvements in sensitivity of current gravitational-wave interferometers, future
measurements of tidal deformations in binary NS mergers will provide more stringent con-
straints on the dense-matter EoS.
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